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ABSTRACT
The Fermi Large Area Telescope (LAT) discovered the time signature of a radio-silent pul-
sar coincident with RX J0007.0+7302, a plerion-like X-ray source at the centre of the CTA
1 supernova remnant. The inferred timing parameters of the γ-ray pulsar PSR J0007+7303
(P=315.8 ms; P˙ ∼ 3.6× 10−13 s s−1) point to a Vela-like neutron star, with an age compara-
ble to that of CTA 1. The PSR J0007+7303 low distance (∼ 1.4 kpc), interstellar absorption
(AV ∼ 1.6), and relatively high energy loss rate (E˙ ∼ 4.5 × 1035 erg s−1), make it a suit-
able candidate for an optical follow-up. Here, we present deep optical observations of PSR
J0007+7303. The pulsar is not detected in the Gran Telescopio Canarias (GTC) images down
to a limit of r′ ∼ 27.6 (3σ), the deepest ever obtained for this pulsar, while William Her-
schel Telescope (WHT) images yield a limit of V ∼ 26.9. Our r′-band limit corresponds
to an optical emission efficiency ηopt ≡ Lopt/E˙ . 9.4 × 10−8. This limit is more con-
straining than those derived for other Vela-like pulsars, but is still above the measured optical
efficiency of the Vela pulsar. We compared the optical upper limits with the extrapolation of
the XMM-Newton X-ray spectrum and found that the optical emission is compatible with the
extrapolation of the X-ray power-law component, at variance with what is observed, e.g. in
the Vela pulsar.
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1 INTRODUCTION
The Large Area Telescope (LAT) on Fermi, successfully launched
on June 11, 2008 is revolutionising our view of the γ-ray sky,
thanks to its large collecting area and outstanding performances at
energies above 1 GeV. During its activation phase, the Fermi/LAT
discovered the timing signature of a radio-silent pulsar within CTA
1 (Abdo et al. 2008). This is a ∼ 5–15 kyr old supernova remnant
(SNR) located at 1.4 ± 0.3 kpc (Pineault et al. 1993), recently de-
tected also at TeV energies (Aliu et al. 2012). The γ-ray source, al-
ready detected by the Energetic Gamma Ray Experiment Telescope
(EGRET) aboard the Compton Gamma-ray Observatory (CGRO)
as 3EG J0010+7309, coincides with RX J0007.0+7302, a com-
posite, plerion-like X-ray source studied by ROSAT (Seward et al.
1995), ASCA (Slane et al. 1997), Chandra (Halpern et al. 2004),
and XMM-Newton (Slane et al. 2004), and for a long time suspected
⋆ E-mail: rm2@mssl.ucl.ac.uk
to be a neutron star. Deep radio observation assessed that a putative
pulsar should have a luminosity lower than the faintest known ra-
dio pulsar (Halpern et al. 2004; Camilo et al. 2009). A blind search
on γ-ray photons collected by Fermi/LAT (Abdo et al. 2008) has
unveiled a clear periodicity at∼ 315.8 ms, with a period derivative
P˙ ∼ 3.6 × 10−13 s s−1, corresponding to an overall energy loss
E˙ ∼ 4.5×1035 erg s−1, a dipolar magnetic fieldB ∼ 1.08×1013
G, and a characteristic age of ∼ 13.9 kyr, consistent with that of
CTA 1. A recent, very deep (120 ks), XMM-Newton observation of
the pulsar in CTA 1 (Caraveo et al. 2010) allowed us to characterise
the X-ray phenomenology (both temporal and spectral properties)
of this source in a definitive way.
After the ”first light” discovery of PSR J0007+7303, more
than 100 γ-ray pulsars have been detected by the Fermi/LAT
(Nolan et al. 2012). In the optical, follow-up observations of Fermi
pulsars with either the Hubble Space Telescope (HST) or 8m-class
telescopes have been performed in a few cases only (Mignani
et al. 2010a,b; 2011; 2012; Razzano et al. 2012; Shearer et al.
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2012). Owing to its energetics, proximity, low absorption (NH =
1.66+0.89
−0.76 10
21cm−2; Caraveo et al. 2010) and off-plane position
(b ∼ 10◦), PSR J0007+7303 is a good candidate for a detection at
optical wavelengths, indeed one of the best within the new emerg-
ing class of γ-ray bright, radio-silent pulsars. No observations of
the pulsar with 8m-class telescopes have been performed yet. Im-
ages collected with the 2.4 m Hiltner telescope at the MDM Obser-
vatory, prior to the discovery of the γ-ray pulsar, set upper limits of
B∼ 25.4 and V∼ 24.9 (Halpern et al. 2004) at the pulsar Chandra
position, way too bright than the expected source magnitude.
We used different telescopes at the Roque de Los Mucha-
chos Observatory (La Palma, Spain), including the 10.4m Gran
Telescopio Canarias (GTC), to collect deep images of the PSR
J0007+7303 field and search for its optical counterpart. The pa-
per is structured as follows: observations and data reduction are
described in Sectn. 2, while the results are presented and discussed
in Sectn. 3 and 4, respectively.
2 OBSERVATIONS AND DATA REDUCTION
We obtained deep observations of the PSR J0007+7303 field with
the GTC on August 28 and 29, 2011 under programme GTC21-
11A 002 (PI. N. Rea). We observed PSR J0007+7303 with the
Optical System for Imaging and low Resolution Integrated Spec-
troscopy (OSIRIS). The instrument is equipped with a two-chip
E2V CCD detector with a nominal field–of–view (FoV) of 7.′8 ×
8.′5 that is actually decreased to 7′×7′ due to the vignetting of Chip
1. The unbinned pixel size of the CCD is 0.′′125. In total, we took
three sequences of 15 exposures in the Sloan r′ band (λ = 6410
A˚; ∆λ = 1760A˚) with exposure time of 140 s, to minimise the
saturation of bright stars in the field and remove cosmic ray hits.
Exposures were dithered by 10′′ steps in right ascension and decli-
nation to correct for the fringing. The pulsar was positioned at the
nominal aim point in Chip 2. Observations were performed in dark
and clear sky conditions, with an average airmass of 1.47, due to
the high declination of our target, and a seeing of ∼ 0.′′9.
We also observed PSR J0007+7303 with the 2.5m Isaac
Newton Telescope (INT), the 3.5m Telescopio Nazionale Galileo
(TNG), and the 4m William Herschel Telescope (WHT) at the
Roque de Los Muchachos Observatory between August 1 and Oc-
tober 13, 2009, under the International Time Proposal ITP02 (PI.
A. Shearer) as part of a pilot survey of Fermi pulsar fields (Collins
et al. 2011). INT observations were performed with the Wide Field
Camera (WFC), a mosaic of four EEV CCDs (34.′2 × 34.′2 FoV;
0.′′33/pixel). Exposures were taken in dark sky conditions (1.40
airmass; 1.′′2 seeing) through the Harris R-band (λ = 6380A˚;
∆λ = 1520A˚) for a total integration time of 1800 s. TNG observa-
tions were performed with the DOLORES (Device Optimized for
the LOw RESolution) camera, a single-chip E2V CCD (8.′6 × 8.′6
FoV; 0.′′252/pixel). Exposures through both the standard Johnson
V and R bands were taken in dark sky conditions (1.43 airmass;
1.′′6 seeing) for a total integration time of 2760 and 9900 s, respec-
tively. Finally, WHT observations were also performed in dark sky
conditions (1.45 airmass; 1.′′2 seeing) with the Prime Focus Camera
(PFC), a mosaic of two EEV CCDs (16.′2×16.′2 FoV; 0.′′24/pixel).
Exposures were taken through both the Harris V (λ = 5437A˚;
∆λ = 957A˚) and R (λ = 6408A˚; ∆λ = 1562A˚) bands for a to-
tal integration time of 3600s per band. The observation summary is
given in Table 1. In all runs, images of Landolt standard star fields
were taken for photometric calibration, together with twilight sky
flat field and day-time calibration frames.
Table 1. Summary of the optical observations of PSR J0007+7303 includ-
ing: the observing date, band, integration time (T), airmass and seeing.
Telescope Date Band T airmass seeing
yyyy-mm-dd (s) (′′)
GTC 2011-08-28 r′ 4200 1.47 0.8
2011-08-29 r′ 2100 1.46 1.2
WHT 2009-10-13 V 3600 1.42 1.3
2009-10-13 R 3600 1.49 1.0
TNG 2009-08-18 V 2760 1.44 1.7
2009-08-18 R 2700 1.44 1.7
2009-08-20 R 7200 1.42 1.4
INT 2009-08-01 R 1800 1.40 1.2
We reduced our data (bias and dark subtraction, flat-field cor-
rection) using standard tools in the IRAF package CCDRED. Single
dithered exposures were then aligned, stacked, and filtered by cos-
mic rays using the task drizzle. We computed the astrometry
calibration using the wcstools1 suite of programs, matching the sky
coordinates of stars selected from the Two Micron All Sky Sur-
vey (2MASS) All-Sky Catalog of Point Sources (Skrutskie et al.
2006) with their pixel coordinates computed by Sextractor (Bertin
&Arnouts 1996). After iterating the matching process applying a
σ-clipping selection to filter out obvious mismatches, high-proper
motion stars, and false detections, we obtained mean residuals of
∼ 0.′′2 in the radial direction, using up to 30 bright, but non-
saturated, 2MASS stars. To this value we added in quadrature the
uncertainty σtr = 0.′′08 of the image registration on the 2MASS
reference frame. This is given by σtr=
√
n/NSσS (e.g., Lattanzi
et al. 1997), where NS is the number of stars used to compute the
astrometric solution, n=5 is the number of free parameters in the
sky–to–image transformation model, σS ∼ 0.′′2 is the mean abso-
lute position error of 2MASS (Skrutskie et al. 2006) for stars in
the magnitude range 15.5 6 K 6 13. After accounting for the
0.′′015 uncertainty on the link of 2MASS to the International Ce-
lestial Reference Frame (Skrutskie et al. 2006), we ended up with
an overall accuracy of ∼0.′′22 on our absolute astrometry.
3 RESULTS
A Chandra X-ray position for PSR J0007+7303 had been re-
ported by Halpern et al. (2004), i.e. α = 00h07m01.s56; δ =
+73◦03′08.′′10 (J2000). These coordinates had been bore-sight
corrected using matches with the United States Naval Observatory
(USNO) A2.0 catalog (Monet et al. 1998) and have a reported accu-
racy of 0.′′1 with respect to the optical reference frame. We verified
the position of Halpern et al. (2004) using the same Chandra data
set after pipeline re-processing with the newest calibration data sets
and using more recent optical/infrared catalogues to re-calibrate
the astrometry. We retrieved ”level 1” data from the Chandra X-
ray Science Archive and reprocessed them with the Chandra In-
teractive Analysis of Observations Software (CIAO v4.4)2 using
the chandra repro script3. The pulsar is imaged on the ACIS-I
1 http://tdc-www.harvard.edu/wcstools/
2 http://cxc.harvard.edu/ciao/index.html
3 http://cxc.harvard.edu/ciao/ahelp/chandra repro.html
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Figure 1. Top panel: 30′′ × 30′′ GTC/OSIRIS image of the PSR
J0007+7303 field (r′ band; 6300 s). North to the top, east to the left. The
pulsar Chandra and Fermi/LAT (Abdo et al. 2012) positions are marked
by the two circles and labelled. Their size (0.′′65 and 0.′′83 radius, respec-
tively) accounts for both the nominal coordinate uncertainties and the ac-
curacy of the astrometry calibration of the optical images (see Sectn. 2). A
faint (R′ ≈ 27) object detected ∼ 3′′ north west of the Chandra position
is marked by the two ticks. Bottom panel: Same region observed in the V
band (3600 s) with the WHT/PFC.
CCD array. We extracted an image in the 0.3–8 keV energy range
with the native ACIS detector resolution (0.′′492/pixel) and ran a
source detection using the wavdetect4 task with wavelet scales
ranging from 1 to 16 pixels with
√
2 steps. We cross-correlated the
derived source list with stars in the 2MASS catalogue (Skrutskie
et al. 2006) and obtained 6 matches using a 1′′ cross-correlation
radius. However, we could determine no statistically significant
4 http://cxc.harvard.edu/ciao/threads/wavdetect/
transformations to optimise the ACIS astrometric solution, with
best-fit shifts of 0.′′11±0.′′12 and 0.′′07±0.′′12 in right ascension
and declination, respectively. Our computed coordinates of PSR
J0007+7303 are α = 00h07m01.s59; δ = +73◦03′08.′′10, well
consistent with those of Halpern et al. (2004), with an attached
nominal absolute uncertainty of 0.′′6 (at the 90% confidence level5).
We note that the Chandra coordinates of PSR J0007+7303 are rel-
ative to epoch 2003.28, i.e. about 6.5 and 8.5 years before our op-
tical observations (see Table1), and are affected by an intrinsic un-
known uncertainty owing to the unknown pulsar proper motion.
No more recent Chandra observations of PSR J0007+7303 have
been performed after that of Halpern et al. (2004). A γ-ray timing
position of PSR J0007+7303 has been recently derived from the
analysis of the first two years of Fermi/LAT data (Abdo et al. 2012)
and is α = 00h07m01.s7 (±0.s2); δ = +73◦03′07.′′4 (±0.′′8) at
epoch 2009.328, i.e. closer to the epoch of our observations. The
Fermi/LAT γ-ray timing error circle overlaps the Chandra one,
with its centroid being slightly offset by ∼ 1.′′2 to the south east
with respect to the latter. In the following, we conservatively ex-
plored both positions in our search for the PSR J0007+7303 coun-
terpart.
Fig. 1 (top) shows a section of the GTC image centred on the
pulsar position. No object is detected within the estimated Chandra
and Fermi/LAT error circles. Smoothing the image with a Gaus-
sian kernel does not yield evidence of detection above the back-
ground fluctuations. A faint object, of magnitude r′ ≈ 27, is de-
tected ∼ 3′′ north west of the Chandra position. However, its po-
sitional offset clearly proves that it cannot be associated with PSR
J0007+7303. Indeed, such an offset would imply, for the pulsar dis-
tance of 1.4 ± 0.3 kpc (Pineault et al. 1993), a transverse velocity
of ∼ 2400 km s−1, well beyond the far end of the pulsar veloc-
ity distribution (e.g., Hobbs et al. 2005). Moreover, for a charac-
teristic age of ∼ 13.9 kyr, such an offset would also imply that
PSR J0007+7303 was born ≈ 1.3◦ south east of its current posi-
tion, i.e. outside the CTA 1 SNR. Thus, PSR J0007+7303 is un-
detected in our images, and we computed the upper limit on its
optical flux. Following a standard approach (e.g., Newberry 1991),
we determined the number of counts corresponding to a 3σ detec-
tion limit from the standard deviation of the background, sampled
around the Chandra and Fermi/LAT error circles, and using a pho-
tometry aperture of 0.′′9 diameter (∼7 pixels), equal to the image
FWHM. After applying the aperture correction, computed from the
PSF of a number of relatively bright but unsaturated field stars, and
correcting for the airmass using the atmospheric extinction coef-
ficients for the Roque de Los Muchachos Observatory (Kidger et
al. 2003), we then derived a 3σ limit of r′ ∼ 27.6, the deepest
ever obtained for this pulsar. PSR J0007+7303 is obviously not de-
tected in the less deep INT, TNG, and WHT R-band images and
is also not detected in the TNG and WHT (Fig.1, bottom) V -band
images. Similarly, we derived 3σ upper limits of R ∼ 25.6 (INT),
V ∼ 26.1, R ∼ 26.2 (TNG), and V ∼ 26.9, R ∼ 26.5 (WHT).
4 DISCUSSION
We compared our r′ and V -band flux upper limits measured with
the GTC and the WHT, respectively, and the published B-band
one (Halpern et al. 2004), with the extrapolation in the optical
domain of the model which best fits the XMM-Newton spectrum
5 http://cxc.harvard.edu/cal/ASPECT/celmon/
c© 2002 RAS, MNRAS 000, 1–5
4 R. P. Mignani, A. de Luca., N.Rea, et al.
of PSR J0007+7303 (Caraveo et al. 2010). This is a double-
component model consisting of a power-law (PL) with photon in-
dex ΓX = 1.30 ± 0.18 and a blackbody (BB) with tempera-
ture kT = 0.102+0.032
−0.018 keV, likely produced from a hot polar
cap of radius 0.64+0.88
−0.20d
2
1.4, where d1.4 is the pulsar distance in
units of 1.4 kpc. We corrected the optical flux upper limits for
the interstellar reddening upon the hydrogen column density de-
rived from the best-fit: NH = 1.66+0.89−0.76 1021cm−2. Using the
Predhel & Schmitt (1995) relation and the interstellar extinction
coefficients of Fitzpatrick (1999) we obtained extinction-corrected
flux upper limits of 0.063 µJy (r’), 0.144 µJy (V), and 0.944 µJy
(B) for the best-fit value of the NH. Fig. 2 shows the optical–to–
X-ray spectral energy distribution of PSR J0007+7303. As seen,
our deepest optical upper limit is consistent with the 90% uncer-
tainty of the extrapolation of the PL component, suggesting that
both the optical and X-ray emission might be consistent with a
single spectral model and be produced by the same mechanism at
variance with, e.g. the Vela pulsar where a clear break is visible
between the two spectral regions (Mignani et al. 2010c). Accord-
ing to the best-fit spectral parameters, the non-thermal unabsorbed
X-ray flux of PSR J0007+7303 in the 0.3–10 keV energy range is
FX = (0.686 ± 0.100) × 10−13 erg cm−2 s−1 (Caraveo et al.
2010). For the largest value of the inferred interstellar extinction
(Ar = 0.71+0.38−0.33), the upper limit on the non-thermal unabsorbed
r′-band flux (assuming that the PSR J0007+7303 optical flux is
dominated by non-thermal emission, as observed in young pulsars)
is Fopt ∼ 1.22 × 10−16 erg cm−2 s−1. This gives an unabsorbed
non-thermal optical–to–X-ray flux ratio Fopt/FX . 1.56× 10−3,
consistent with that inferred for other young pulsars (e.g., Zharikov
et al. 2006).
We also compared our optical upper limits with the extrap-
olation of the Fermi/LAT γ-ray spectrum of PSR J0007+7303.
Since there is a marginal indication of a change in the pulsar spec-
tral parameters after the 2009 May glitch, we assumed the post-
glitch spectral parameters (see Tab. 3 of Abdo et al. 2012) that
correspond to an epoch closest in time to our optical observa-
tions. The γ-ray spectrum is best-fit by a PL with photon index
Γγ = 1.50 ± 0.03 ± 0.04 plus an exponential cut-off at an en-
ergy Ec = 4.74 ± 0.28 ± 0.79 GeV, where, in both cases, the
first and second errors are statistical and systematical, respectively.
Our r′-band upper limit lies well below the extrapolation of the γ-
ray PL confirming the presence of a break in the γ-ray spectrum,
already made evident by the comparison with the X-ray PL. Sim-
ilar breaks are observed in many Fermi pulsars (e.g., Mignani et
al. 2010a; 2011; 2012) but not, e.g. in PSR J1048−5832 (Raz-
zano et al. 2012). Finally, we note that the ratio between the un-
absorbed optical flux and the γ-ray one for PSR J0007+7303 is
Fopt/Fγ . 5.9 × 10−6. This limit falls in the lowest 30% bound
among all Fermi pulsars that are either detected in the optical or for
which significantly deep optical upper limits exist (The Fermi/LAT
Collaboration, in prep.). This suggests that PSR J0007+7303 might
be one of the intrinsically faintest pulsars in the optical with respect
to the γ-rays.
We used our deepest upper limit in the r′ band to constrain
the optical luminosity of PSR J0007+7303. For the largest val-
ues of the distance (1.4 ± 0.3 kpc; Pineault et al. 1993) and in-
terstellar extinction, this limit corresponds to an optical luminos-
ity Lopt . 4.24 × 1028 erg cm−2 s−1. This implies an optical
emission efficiency ηopt ≡ Lopt/E˙ . 9.4 × 10−8. This limit
is well above the optical emission efficiency of the Vela Pulsar
(ηopt ∼ 2.9 × 10−9) and below the limits for other Vela-like
pulsars observed in the optical, such as PSR B1706−44, PSR
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Figure 2. Extinction-corrected optical flux upper limits for PSR
J0007+7303 compared with the extrapolation in the optical domain of the
PL+BB spectrum (solid line) that best-fits the XMM-Newton data (Caraveo
et al. 2010). The two X-ray spectral components are shown by the dashed
lines and labeled. The dotted lines correspond to the 90% errors on the
extrapolation of the X-ray PL component. The plot also shows the extrap-
olation of the PL+exponential cutoff spectrum that best-fits the Fermi/LAT
γ-ray data (Abdo et al. 2012) and the associated 90% errors (dot-dashed
lines).
J1357−6429, PSR J1028−5819 (Mignani et al. 1999; 2011; 2012)
and PSR J1048−5832 (Razzano et al. 2012), which have been
derived, however, from less deep optical observations. Thus, our
result confirms that, in general, the optical emission efficiency of
Vela-like pulsars is much lower than that of the Crab-like ones.
However, we cannot yet determine whether the very low optical
emission efficiency of the Vela pulsar is symptomatic of an even
more dramatic change in the intrinsic pulsar optical emission out-
put around characteristic ages of 10–20 kyrs, or it is peculiar to this
object only. Settling this issue obviously passes through the optical
identification of at least some of these Vela-like pulsars. Unfortu-
nately, although they have been all observed with the Very Large
Telescope (VLT), for many of them the observations have been
hampered by the presence of nearby bright stars. Thus, their identi-
fication can be better pursued either with the HST or with adaptive
optics devices, assuming a spectral rise towards the near-infrared.
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